Actinobacillus pleuropneumoniae, which was formerly classified in the genus Haemophilus, is a pathogen causing swine pleuropneumonia. We found that aspoxicillin showed strong activity and that meropenem had better lytic activity against this pathogen. In the present study, we for the first time identified penicillin-binding proteins (PBPs) of A. pleuropneumoniae in order to elucidate the relationship between the antibacterial and lytic activities of ␤-lactam antibiotics and affinities of the PBPs. The competitive assay using 3 H-labeled benzylpenicillin revealed seven PBPs in A. pleuropneumoniae; they were determined to be PBPs 1a, 1b, 2, 3, 4, 5, and 6, and the molecular masses of these PBPs were estimated to be 92, 80, 76, 72, 50, 44, and 30 kDa, respectively, by comparison with those of Haemophilus influenzae. Our detailed analysis of the affinities of the PBPs of A. pleuropneumoniae and of the bacterial lysis kinetics for several ␤-lactam antibiotics revealed that the strong antibacterial activity of aspoxicillin against this strain could be related to the higher affinity of PBP 3 and that preferential inactivation of PBP 1b could cause rapid lysis.
Actinobacillus pleuropneumoniae and Haemophilus influenzae are the most prevalent pathogens of respiratory infections in swine and humans, respectively. A. pleuropneumoniae, a small gram-negative capsulated rod, had been classified as belonging to the genus Haemophilus (26) . But in 1983, this bacterium was transferred to the genus Actinobacillus based on a study comparing the biological phenotypes and DNA base compositions between Actinobacillus lignieresii and H. influenzae (21) . The biotype 1 strain (NAD dependent) can cause swine pleuropneumonia, which is a major bacterial disease of swine, resulting in great economic losses (24, 27) . Several ␤-lactam antibiotics have been frequently used for its treatment (22) . This pathogen has distributed around the world, and ␤-lactam-resistant strains that can produce ROB-1 ␤-lactamase have been isolated in some countries (9, 17) . But in Japan, the resistant strains have been observed only in a small percentage of total isolates (1, 25, 29) .
Aspoxicillin, an injectable penicillin derivative (33; T. Nishino, N. Ishii, T. Tanino, S. Ohshima, and T. Yamaguchi, Program Abstr. 19th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 241, 1979), has been used for treating human infections, especially for the treatment of respiratory and abdominal infections and otitis, because of its strong activity against Streptococcus pneumoniae, H. influenzae, Escherichia coli, Staphylococcus aureus, and Streptococcus pyogenes (4, 16 ) and because of its high level of distribution to the infected tissues (19) . The antibacterial activity of ␤-lactam antibiotics is dependent on the affinity of the target molecules, the penicillin-binding proteins (PBPs). It has been reported that, in E. coli, aspoxicillin showed bactericidal activity with lysis due to high affinities of PBPs 1a, 1b, 2, and 3 (20) . But the antibacterial properties of aspoxicillin for A. pleuropneumoniae and H. influenzae have not yet been well investigated.
In the present study, we found that aspoxicillin was potent against a susceptible strain of A. pleuropneumoniae and that the antibacterial activity of aspoxicillin against this strain was stronger than that against H. influenzae. The increase in antibacterial activity was observed in several other ␤-lactams also; therefore, we thought that these results could be correlated with their affinities of the PBPs of A. pleuropneumoniae and H. influenzae. But the PBP profile of A. pleuropneumoniae has not been completely characterized (11) , and the affinities of PBPs of H. influenzae for aspoxicillin have not yet been investigated. In the present study, therefore, we characterized for the first time the PBP profile of A. pleuropneumoniae and conducted a detailed analysis of the antibacterial properties and the affinities of PBPs of A. pleuropneumoniae and H. influenzae for aspoxicillin and seven ␤-lactam antibiotics.
MATERIALS AND METHODS
Bacterial strain. Beta-lactamase nonproducing strains of A. pleuropneumoniae NB001 and H. influenzae IID983 were provided by the Japanese Association of Veterinary Biologics (Tokyo, Japan) and the Institute of Medical Science, University of Tokyo, respectively.
Culture media. Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) supplemented with 25 g of ␤-NAD (Nacalai tesque, Kyoto, Japan) per ml and the same broth supplemented with 15 g each of hemin (Sigma, St. Louis, Mo.) and of ␤-NAD per ml were used to culture A. pleuropneumoniae and H. influenzae, respectively. Cultivation of each strain was performed under natural aerobic condition.
Antibiotics. Aspoxicillin was synthesized by Tanabe Seiyaku Co., Ltd. (Osaka, Japan). The following antibiotics were purchased from the respective manufacturers: piperacillin, cefotaxime, and cefsulodin (Sigma); mecillinam (Takeda Pharmaceutical Co., Ltd., Osaka, Japan); aztreonam (Eisai Co., Ltd., Tokyo, Japan); cefdinir (Fujisawa Pharmaceutical Co., Ltd., Osaka, Japan); and meropenem (Sankyo Co., Ltd., Tokyo, Japan).
Susceptibility testing. The MICs of antibiotics were determined by the agar dilution method, which has been authorized by the Japan Society of Chemotherapy (3). The cells of each strain were grown at 37°C for 15 h in the abovementioned broth. The cultures were diluted with Mueller-Hinton broth to 5 ϫ 10 6 CFU/ml. The cell suspension was inoculated onto chocolate agar plates prepared from Mueller-Hinton agar (Difco) containing twofold serial dilutions of each antibiotic with a multipoint inoculator (Sakuma, Tokyo, Japan). The MICs were determined after incubation for 18 h at 37°C. Time-kill and lytic studies and microscopic examination. Time-kill and lytic studies on A. pleuropneumoniae were performed at the MIC, 4ϫ the MIC, and 16ϫ the MIC of aspoxicillin, and the lytic studies on the strain were also performed at the same concentrations of meropenem, cefsulodin, cefdinir, and piperacillin. Time-kill and lytic studies on H. influenzae were performed at the MIC and at 4ϫ the MIC of aspoxicillin and piperacillin. Cell suspensions of the two strains were prepared to give 5-ml cultures of 10 6 CFU/ml with each supplemented broth. The cultures were incubated under continuous shaking in a water bath at 37°C. After 1 h of incubation, a test antibiotic was added to a culture. At selected times, 30 l each of the culture was serially diluted with saline and plated on a chocolate agar plate to determine the viable cell count (CFU/milliliters). The culture turbidity was monitored to examine bacteriolytic activity by recording the optical density at 620 nm (OD 620 ) with a spectrophotometer (Spectronic 301; Milton Roy Company, Rochester, N.Y.). At 2 h after the addition of each antibiotic, the cells were microscopically examined with a differential interference contrast microscope (NTF2; Nikon, Tokyo, Japan).
Preparation of cell membrane fractions. The cells of each strain were grown in the above-mentioned broth in a shaking incubator at 37°C for 6 h. The following process was implemented at 4°C or in an ice bath. The cells of each strain in the exponential phase were collected by centrifugation at 5,000 ϫ g, and disrupted by sonication. The cell debris was removed by centrifugation at 10,000 ϫ g, and the membrane fraction was collected by centrifugation at 100,000 ϫ g for 1 h. The pellet was resuspended in phosphate buffer (pH 7.4) and stored at Ϫ80°C until use for the following examination.
PBP affinities in cell membrane fractions. PBP affinities in the cell membrane fractions of the two strains were determined by the competitive assay using 3 H-labeled benzylpenicillin (
3 H]benzylpenicillin; 37 MBq/ ml; 20 g of PCG/ml; Amersham, Buckinghamshire, United Kingdom) according to the methods of Spratt (28) and Tuomanen et al. (32) . PBPs labeled with 3 H-PCG were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using a running gel consisting of 12.5% acrylamide (GIBCO-BRL/ Life Technologies, Inc., Gaithersburg, Md.) and 0.083% N,N-methylenebisacrylamide (GIBCO-BRL). After electrophoresis, the fractionated PBPs were transferred electrically to a nitrocellulose membrane (Immobirone P SQ ; Millipore Corp., Bedford, Mass.) under a constant current of 150 mA for 50 min with a semidry blotting apparatus (Nihon Eido, Tokyo, Japan) using a buffer consisting of 50 mM Tris base, 200 mM glycine, and 20% methanol. The transferred proteins on the membrane were fixed by methanol-acetic acid (6/1) and then rinsed with methanol. The membrane was dried and attached to a phosphorimaging plate of the BAS-2000 image-analyzing system (Fujifilm, Tokyo, Japan) at room temperature for 3 days. The radioactivity of the PBPs on the plate was scanned and analyzed by the image-analyzing system. The affinity of PBP for a ␤-lactam was expressed as a 50% inhibitory concentration (IC 50 ) value, which represents the concentration of a ␤-lactam needed to cause a 50% inhibition of 3 H-PCG binding.
RESULTS AND DISCUSSION
PBPs, which are essential enzymes involved in the last step of peptidoglycan synthesis (15) , have been identified in various species of bacteria (14), since they are target molecules for ␤-lactam antibiotics. These physiological functions have been well investigated in E. coli: the high-molecular-weight PBPs (PBPs 1s, 2, and 3) are key roles for cell growth and division, whereas the physiological roles of low-molecular-weight PBPs (PBPs 4, 5, 6, and 7) remain to be elucidated. PBP 3 and two unknown PBPs of A. pleuropneumoniae have been revealed by binding 35 S-PCG to the whole cells (11); however, the complete profile and molecular masses of the PBPs had been hitherto unknown.
In this study, the method using 3 H-PCG, which was developed by a slight modification of the method of Spratt (28) and Tuomanen et al. (32) , for the first time revealed seven PBPs of A. pleuropneumoniae (Fig. 1) numbered PBPs 1a, 1b, 2, 3, 4 , 5, and 6 on the basis of the PBP numbering of H. influenzae (12) and the affinities of mecillinam and aztreonam (Table 1) , which have been known to be bound selectively by PBPs 2 and 3 of E. coli (31), respectively. Our method could more clearly and easily visualize PBPs on nitrocellulose membrane by an image analyzing system than did previously reported methods (5, 10) . The subtype of PBP 3, as shown in H. influenzae, was not observed. The molecular masses of PBPs 1a, 1b, 2, 3a, 3b, 4, 5, and 6 of H. influenzae have been reported to be 85, 80, 72, 65, 63, 50, 45, 42, and 30 kDa, respectively (12) . On the basis of these observations, the molecular masses of PBPs 1a, 1b, 2, 3, 4, 5, and 6 of A. pleuropneumoniae were estimated to be 92, 80, 76, 72, 50, 44, and 30 kDa, respectively.
The MICs of aspoxicillin and seven ␤-lactams against A. pleuropneumoniae NB001 and the affinities of PBPs for those ␤-lactams are shown in Table 1 . Aspoxicillin had better activity than mecillinam, cefsulodin, and meropenem, and the MIC of aspoxicillin was equivalent to those of piperacillin and cefdinir. Aztreonam was more active than aspoxicillin, and cefotaxime was most active in all of the tested ␤-lactams. Aspoxicillin was bound preferentially to PBP 3, and the IC 50 values of aspoxi- 
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cillin for PBPs 1a, 1b, and 2 were 69-, 20-, and 17-fold higher than that for PBP 3, respectively. Piperacillin, aztreonam, and cefotaxime, like aspoxicillin, were bound preferentially to PBP 3. These results suggest that the antibacterial activity against A. pleuropneumoniae may correlate with the affinity of PBP 3. Table 2 shows the MICs of aspoxicillin, piperacillin, and mecillinam and the affinities of PBPs of H. influenzae for those ␤-lactams. We found that aspoxicillin and piperacillin had better activities against A. pleuropneumoniae than against H. influenzae, and the affinities of PBP 3 of A. pleuropneumoniae for the two ␤-lactams were higher than those of PBP 3a of H. influenzae. In addition to these ␤-lactams, aztreonam, cefdinir, cefotaxime, and cefsulodin were more active against A. pleuropneumoniae than against H. influenzae and were bound to PBP 3 of A. pleuropneumoniae with higher affinities than to PBP 3a, but not PBP 3b, of H. influenzae (7) .
Since bacterial lysis induced by ␤-lactam antibiotics can lead to rapid and irreversible death in bacterial cells, detailed analysis of relationship between lysis and inactivation of PBPs was performed. It has been reported in E. coli that inhibition of PBP 1a and/or PBP 1b is associated with rapid cell lysis (30, 34) ; however, there are some evidences that PBPs 2 and 3 have important roles in the process of cell lysis (6, 11) , suggesting that the mechanism of bacterial lysis induced by ␤-lactam antibiotics has been uncertain.
To investigate the relationship between lysis and the inactivation of PBPs of A. pleuropneumoniae, we performed time-kill and lytic studies and microscopic examination for aspoxicillin and some characteristic ␤-lactams. Figure 2 shows the time-kill and lysis kinetics of aspoxicillin against A. pleuropneumoniae, and Fig. 3 shows the lysis kinetics of meropenem, cefsulodin, cefdinir, and piperacillin against the strain. Photomicrographs of A. pleuropneumoniae cells treated with 4ϫ the MICs of aspoxicillin, piperacillin, mecillinam, aztreonam, cefdinir, cefsulodin, and meropenem for 2 h are shown in Fig. 4 .
The number of viable cells treated with aspoxicillin decreased rapidly in a concentration-dependent manner ( Fig.  2A) . Evident decreases in the OD of cultures were not observed at its MIC and at 4ϫ the MIC; however, the OD of culture in presence of 16ϫ the MIC decreased gradually after 2 h and reached 0.016 at 8 h (Fig. 2B) . The cells treated with aspoxicillin at 4ϫ its MIC showed a filamentous shape with a bulge in the middle of the cell body (Fig. 4B) .
The OD of culture treated with meropenem at its MIC was 0.025 at 2 h, which was much lower than those of cefsulodin, cefdinir, piperacillin, and aspoxicillin (Fig. 3) . Meropenem rapidly lysed the cells after 2 h in a concentration-dependent manner. The OD of culture treated with meropenem at its MIC, at 4ϫ its MIC, and at 16ϫ its MIC reached 0.010, 0.002, and 0.001, respectively, at 8 h. Meropenem caused formation of the spindle and short filamentous cells with a bulge at 4ϫ its MIC, and lysed cells were observed (Fig. 4H) . The OD of culture treated with cefsulodin at its MIC and at 4ϫ the MIC gradually decreased to 0.053 and 0.027, respectively, at 8 h, which were higher than those of meropenem; however, a rapid decrease in turbidity was observed at 16ϫ the MIC after 1 h. Treatment with cefsulodin at 4ϫ its MIC resulted in formation of filamentous cells without any obvious lysis (Fig. 4G ), but at 16ϫ the MIC lysed cells were predominantly observed (not shown). These antibiotics were preferentially bound to PBP 1b, suggesting that the preferential inactivation of PBP 1b could be essential for inducing the lysis of A. pleuropneumoniae.
Cefdinir, as well as meropenem and cefsulodin, was preferentially bound to PBP 1b and less strongly to PBP 3 (Table 1); FIG. 2. Time-kill (A) and lytic (B) studies on aspoxicillin against A. pleuropneumoniae NB001. Viable cell counts were determined by the colony-counting method, and the turbidity of the culture was represented as an OD 620 value. Aspoxicillin was added to the culture at time zero at concentrations of its MIC (circles), 4ϫ its MIC (triangles), and 16ϫ its MIC (squares). The viable cell counts and the OD of a control culture at times of Ϫ1, 0, 1, 2, 4, and 8 h are represented by dotted lines without symbols. however, the OD of culture treated with cefdinir at its MIC, at 4ϫ its MIC, and at 16ϫ its MIC increased for up to 4 h and decreased slowly to 0.076, 0.066, and 0.030, respectively, at 8 h (Fig. 3C) . The cells treated with cefdinir at 4ϫ its MIC showed filamentous shape without any lysed cells (Fig. 4F ) and even at 16ϫ the MIC (not shown). Meropenem was bound to PBP 2 with a higher affinity than cefdinir. The affinity of PBP 2 for cefsulodin, which had less lytic activity than meropenem, was poor. Because it has been reported that inactivation of PBP 2 could result in lysis of E. coli (6) , it is possible that inactivation of PBP 2 might also be involved in rapid lysis in A. pleuropneumoniae.
There was a slight decrease in turbidity of a culture treated with piperacillin at 16ϫ the MIC, and the OD reached 0.048 at 8 h; however, rapid lysis was not observed at its MIC and at 4ϫ the MIC as well as with aspoxicillin (Fig. 3D) . Filamentous cells were predominantly observed in cultures treated with piperacillin and aztreonam at 4ϫ the MIC without any obvious bulge and lysed cells, as shown in Fig. 4C and E, respectively. Aspoxicillin and these two ␤-lactams were preferentially bound to PBP 3, suggesting that inactivation of PBP 3 may interfere with lysis, as was previously reported for E. coli (23) .
The time-kill and lytic kinetics of aspoxicillin against H. influenzae were compared to those of piperacillin (Fig. 5) , and photomicrographs of H. influenzae treated with those antibiotics at 4ϫ the MIC for 2 h are shown in Fig. 6 . Viable cell counting of H. influenzae treated with each antibiotic decreased at its MIC and at 4ϫ its MIC. A rapid decrease in turbidity of cultures treated with aspoxicillin at 4ϫ the MIC was observed, and the OD of the culture reached 0.012 at 8 h. Slow lysis was observed in cultures treated with aspoxicillin at its MIC, and the OD of the culture was 0.052 at 8 h. The spindle-shaped cells with a bulge were predominantly observed by treatment of aspoxicillin, and lysed cells were partially observed (Fig. 6B) . The OD of cultures treated with piperacillin at its MIC and at 4ϫ its MIC decreased slowly to 0.075 and 0.047, respectively, at 8 h. The cells treated with piperacillin showed a filamentous shape without bulge and lysis (Fig. 6C ) even at 16ϫ its MIC (not shown). Aspoxicillin and piperacillin were preferentially bound to PBP 3b of H. influenzae and less strongly to PBP 3a ( Table 2 ). The affinity of PBP 1b for piperacillin was equivalent to that for aspoxicillin; however, the affinity of PBP 3a for piperacillin was much higher than that for aspoxicillin. It has been reported that inactivation of PBPs 3a and 3b of H. influenzae could interfere with lysis (7). These evidences suggested that the higher affinities of PBPs 3a and 3b of H. influenzae for piperacillin than for aspoxicillin could result in the lower lytic activity of piperacillin. Mecillinam, which was selectively bound to PBP 2, had much less antibacterial activity than aspoxicillin and piperacillin (Table 2).
The most important results of this work include the complete PBP profile of A. pleuropneumoniae and the correlation between the antimicrobial activity of ␤-lactams and binding to PBP 3. Recently, the numbers of ␤-lactamase-nonproducing, ampicillin-resistant strains of H. influenzae have been increasing in some countries (8, 13, 18) . The resistant strains showed decreased affinities of many ␤-lactams for PBPs 3a and 3b (2). 
